Improved photoresponse of InAs/GaAs quantum dot infrared photodetectors by using GaAs 12x Sb x strain reducing layer The effect of a GaAs 1Àx Sb x strain reducing layer on the performance of InAs/GaAs quantum-dot infrared photodetectors was investigated. The results suggest that increasing Sb composition x from 0 to 0.2 leads to an enhanced peak response and a pronounced narrowing of the band width of the spectral response from 3.3 to 1.5 lm. For a photodetector with GaAs 0.8 Sb 0.2 strain reducing layer, the best responsivity obtained is 533 mA/W, which is 380 times higher than that without strain reducing layer. In addition, the operating temperature increases from 50 to 90 K when increasing Sb composition from 0 to 0.2. In the past two decades, quantum dot infrared photodetectors (QDIPs) have been widely investigated owing to their wide range of applications in medical diagnosis and environmental monitoring. 1, 2 This is because the QDIPs can be operated at high temperature and are sensitive to normally incident unlike quantum-well infrared photodetectors (QWIPs). 3 In order to improve the operation temperature of a QDIP, it is necessary to form potential barriers in the conduction band to reduce the dark current. [4] [5] [6] Recently, InAs quantum dots (QDs) embedded in InGaAs quantum-well structures have attracted much attention because of their ability to accurately control the position of the energy states by adjusting the growth conditions and quantum well thickness. 7 Experimental evidences have demonstrated that QDIPs exhibit improved optical properties by adding an InGaAs strain reducing layer (SRL). In addition, AlGaAscapped QDIPs provide a higher barrier to confine the carriers in the QD, which increase both the quantum efficiency and operation temperatures. 4, 6 However, for InGaAs-capped QDIPs the quantum confinement is not very good due to their low bandgap. Furthermore, it has been shown that excessive In atoms will degrade the optical performances in many aspects. 8, 9 On the other hand, several reports have indicated that antimony (Sb) can modify the geometrical shape of the buried InAs QDs based on photoluminescence (PL) and cross-sectional scanning tunneling microscope (X-STM) studies. 8, 12, 13 PL spectra have been observed to be enhanced and narrowed by the incorporation of Sb. 8, 14 In this letter, the effect of a GaAs 1 À x Sb x SRL on the performance of InAs/GaAs QDIPs was investigated. It was found that the InAs/GaAs 1Àx Sb x QDs exhibit a type-II band structure when Sb composition x exceeds 0.15. 10, 11 This transition provided a relative high barrier as well as improved strain reducing effect for n-i-n structured QDIP. GaAs 1Àx Sb x has the capacity to suppress the intermixing between In and Ga atoms, 12, 13 thus one can observe pronounced narrowing of band width even with only 1% of Sb.
14 Other properties related to this type II QD alignment have been utilized in many applications; 15, 16 however, QDIP with GaAs 1Àx Sb x SRL have rarely been reported. 17 The samples investigated in this letter were grown on (100) semi-insulating GaAs substrate using VG 80H gassource molecular beam epitaxy (MBE) at 490 C. The schematic device structure is shown in Fig. 1 , and E 0 were grown for PL measurement based on similar growth parameters of the previous five devices. The structure is shown in Fig. 1(b) . InAs QDs with the same parameters capped with 10 nm GaAs 1Àx Sb x layer were grown on a 300 nm undoped GaAs buffer layer, followed by 190 nm undoped GaAs on top. Finally, another layer of InAs QDs without GaAs 1Àx Sb x capping layer is grown on the top for atomic force microscopy (AFM) measurement. After growth, the QDIPs with 200 lmÂ 200 lm window size were fabricated by standard photolithography process. The spectral response was measured by Bruker Optics Vertex70 Fourier transform infrared spectroscope. A chopped black-body radiation source at 1080 K and a Stanford Research Systems SR830 lock-in amplifier are used to calibrate the absolute value of responsivity.
In order to investigate the variations of energy states inside the QD due to different Sb composition, the PL spectra of samples A 0 to E 0 at 10 K are measured and shown in Fig. 2(a) . The quantum dot levels are calculated using a simplified planar quantum well model with effective well thickness d ¼ 3. 
nm, respectively. The blue, green, and purple dashed curves represent the calculated transition wavelengths for 1e to 1hh, 1lh, and 2hh transitions, respectively. Because the existence of GaAs 1Àx Sb x layer adjacent to QD, the PL spectra of samples B 0 to E 0 red shifts and the third transition from 1e to 2hh is allowed for sample B 0 to E 0 due to spreading of hole wavefunction to the GaAs 1Àx Sb x layer. The sample E 0 with the highest Sb composition x ¼ 0.2 displays the broadest spectra and longest wavelength which can be attributed to three factors. First, the reductions of strain lower the energy level inside the InAs QDs, which causes the red shift as demonstrated by other studies on InGaAs strain reducing layer. 9 Second, energy band structures transit to type II band gap when the concentration of Sb exceeds 15%, thus the electrons in QDs recombine with the holes in GaAs 1Àx Sb x layer as shown schematically in Fig. 2(d) . The third reason is Sb suppresses the alloy intermixing between In and Ga atoms, allowing the QDs under the capping layer with more In atoms to form larger QDs. 13 The bottom contact is defined as the ground when applying voltage to all devices. The normalized spectral responses of different devices under þ1.2 V bias are shown in Fig. 3 . The response peaks of devices exhibit a significant blue shift 
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Huang, Chen, and Lee Appl. Phys. Lett. 100, 043512 (2012) from device A to C due to GaAs 1 À x Sb x SRL that causes the confined electron level to drop deeper in the QDs, whereas devices D and E seem to have no difference. The spectral curve of device A exhibits the broadest full width at half maximum (FWHM) of 3.3 lm when using undoped GaAs as capping layer. Spectral variations for device B above 10 lm and below 5 lm were eliminated. This indicates that Sb affects the volume size and uniformity of QDs with merely 1% Sb. Our results well agrees with the hypothesis. 13 However, the most pronounced band shrinkage is observed for device E, which has the narrowest FWHM of spectral response of 1.5 lm. The comparisons among the five devices demonstrate that Sb prevents In from intermixing with capping layer more efficiently with more Sb composition. Response of QDIP is dominated by energy difference between the electron state and conduction band minimum (CBM) of GaAs. Transition from electron state (1e) to GaAs CB is a bound to continuum transition as well as QD size inhomogeneity are the two main factors for wider spectral response.
The absolute peak responsivity under different biases for devices A, C, D, and E at 10 K are shown in Fig. 4(a) . The responsivity of device B is slightly higher than that of device C; even if it is fabricated on the same chip, devices have slight performance variations. To avoid confusion, we have deleted the data of device B in Fig. 4(a) . The weakest spectral response was observed for device A without any Sb, and the best responsivity for device A merely reaches 1.4 mA/W. On the contrary, the maximum responsivity was measured for device E at 533 mA/W. Although devices A and E were biased at the same voltage, the responsivity was increased 380 times. Device C with only 3% Sb capping layer also exhibited better responsivity than that of device A under all biases. Device E has the highest responsivity at large forward bias. However, device D performed better below 2 V bias. Sample D 0 exhibits the strongest 1e to 1hh PL transition as indicated in Fig. 2(a) , suggesting more uniform QD size and less spreading of hole wavefunction to GaAsSb x layer as shown in Fig. 2(c) . The long wavelength peak responsivity of device D shown in Fig. 3 indicates the barrier for bound to continuum transition is lower which leads to higher responsivity at the same bias as compared to that of device C. For device E, it can tolerate higher positive bias due to type-II band structure which modifies the electric field distribution in the QDs. Furthermore, the log scaled responsivity varies linearly for bias voltage greater than 1 V. Device E might be due to the effect of avalanche multiplication process at high voltages. 18, 19 Since only the upper layer of InAs QDs was capped with GaAs 0.8 Sb 0.2 , the impact of the barrier is not critical under reverse voltage. Thus responsivity for both devices D and E are similar under reverse bias voltage. Device E has the highest barrier and hence it also has the highest operating temperature of all devices. The nomalized peak responsivity of devices A and E versus temperature are shown in Fig. 4(b) . The operation temperature of device E is at least 30 K higher than that of device A. The inset of Fig. 4(b) displays the spectral response of device E at 90 K.
In summary, it is demonstrated that the additional GaAs 0.8 Sb 0.2 capping layer enhanced the operation temperature to 90 K as well as the spectral responsivity to a factor of 380 and also produced a pronounced narrowing of the responsivity peak. By increasing the Sb concentration to 20%, the resulting type-II structure provided a higher barrier for enhancing electron confinement, thus improved the spectral responsivity and operation temperature.
